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1. 
I. INTRODUCTION 
While considerable progress has been made i n  recent  years n a p p l i c a t i o n  
of ionized gases, one of the least understood areas remains tha t  of the  in t e r -  
action of an electrode with a re la t ive ly  dense, p a r t i a l l y  ionized plasma. The 
problem i s  of obvious i n t e r e s t  t o  magnetohydrodynamics, electrical propulsion, 
and high temperature test  f a c i l i t y  development. Due t o  the mult ipl ic i ty  of  
the physical processes involved, and the  poor quant i ta t ive understanding of 
these "component" processes, i t  is not even c l ea r  which ones of the many simul- 
taneous processes and competing influences were dominant. As a re su l t ,  theo- 
retical models often d i f f e r  from each other  i n  fundamental assumptions. I t  is 
c l e a r  tha t  i n  t h i s  circumstance it is desirable i f  not necessary t o  begin with 
experimental observations under r e a l i s t i c  conditions. 
Unfortunately, the  electrode processes f o r  high pressure discharges are 
cha rac t e r i s t i ca l ly  unstable and non-reprgducible. Even i n  the r a re  instances 
where r e l a t ive ly  s t ab le  discharges were obtained, the severe non-uniformities 
and asymmetry almost invariably preclude 
The majority of ex is t ing  experimental measurements thus consis t  mainly of gross 
measurements of t o t a l  current,  voltage, and heat t ransfer .  
t a n t  parameter as the local  electrode surface temperature versus local  current 
density,  and the  s ta te  of the  plasma adjacent t o  the electrode are generally 
not known with cer ta inty.  
involved, these gross measurements are i n  general insuf f ic ien t  t o  provide 
e i t h e r  s ign i f icant  ins ight  t o  the  problem, o r  unequivocal means t o  evaluate 
hypothetical theore t ica l  models. 
meaningful, space resolved data.  
Even such impor- 
In view of the complexity of the physical processes 
2. 
In order t o  a l l ev ia t e  some of these problems and t o  provide space 
- resolved steady s t a t e  da ta  under r e a l i s t i c  and r e l a t ive ly  control lable  con- 
di t ions,  measurements have been carr ied out f o r  an experimental electrode 
placed i n  the stagnation flow of a separately controlled,  arc heated plasma. 
As there exis ted no theore t ica l  study of su f f i c i en t  thoroughness t o  e i t h e r  
serve as a guideline or t o  provide incentive f o r  ver i f ica t ion ,  the experi- 
mental emphases were placed on: (1) seeking a configuration which would y ie ld  
a s tab le ,  reproducible discharge, and 
space resolved data as possible. 
(2) obtaining as much correlatable  and 
The experimental set up is shown i n  Figures la, lb ,  and IC. Bottled - 
gas is  heated i n  a converging diverging nozzle by a steady state coaxial arc 
discharge employing the nozzle as anode and a pointed cathode i n  the subsonic 
s i d e  of the nozzle. 
electrode forming successively a normal shock and an aerodynamic boundary 
The resu l t ing  plasma je t  impinges on the experimental 
layer.  The experimental electrode is independently biased with respect t o  
the  plasma outside the boundary layer, whose poten t ia l  was monitored with a 
reference probe downstream of the experimental electrode. Spectroscopic 
measurements of t h e  plasma,radiometric measurements of t h e  electrode surface, 
and electrode current voltage character is t ics  were obtained simultaneously 
for  d i f f e ren t  plasma conditions. 
the small Reynold number nozzle flow, no calorimetric data was attempted. 
d e t a i l s  of these experiments w i l l  be described i n  later sections.  
Due t o  the unavoidable r a d i a l  gradients of 
The 
The choice of the experimental configuration w a s  prompted by the follow- 
ing considerations: 
J .  
- 
. 3. 
c 
1. In the usual electrode experiments, the plasma environment was 
maintained by the same discharge under study, thus it was d i f f i c u l t  
t o  separate the influences of the  plasma properties versus the 
electrode properties.  
be generated separately and be separately controlled.  
To overcome t h i s  problem, the plasma should 
2. I t  was f e l t  desirable  t o  take advantage of the aerodynamic boun- 
dary layer  so t h a t  the electrode influences are confined i n  a small, 
f a i r l y  well defined region. 
boundary layer,  possessing uniform thickness and uniform heat and 
species fluxes is par t icu lar ly  advantageous. 
In  t h i s  respect the  stagnation flow 
If the e l e c t r i c a l  
conductivity of the external plasma is  much higher than i n  the boun- 
dary layer,  the discharge under investigation can be considered t o  
t a k e  place between the experimental electrode and a pa ra l l e l  "virtual 
electrode" consisting of the plasma outside the  boundary layer.  I t  
was intended t o  use the apparatus f o r  both cathode and anode studies.  
Since rafractory cathode operation is expected t o  depend on so l id  
heat conduction processes which have very slow time constants, t h i s  
requirement ru les  out'shock tube or other non-steady techniques. 
3. 
made it desirable  t o  have rad ia l ly  symmetric external flow over 
The need f o r  spectroscopic mapping of the plasma environment 
the electrode so t h a t  Abel inversion could be used t o  obtain local 
i n t ens i t i e s .  
4.  
pl ica ted  by plasma radiation. 
Some ear ly  pyrometric surface temperature measurements were com- 
The capabi l i ty  f o r  completely map- 
ping the plasma radiat ion f i e l d  would eliminate t h i s  uncertainty. 
I 
L 
5 .  
electrode might be caused by an inherent i n s t a b i l i t y  ra ther  than 
non-uniformity of the imposed conditions and geometry. 
plasma environment a t ta inable  with the stagnation point configura- 
I t  w a s  po:tulated t h a t  the  discharge constr ic t ion near the 
The uniform 
t ion  appeared t o  provide a means t o  test t h i s  theory. 
4. 
As evidenced by the data presented below, the experimental arrangement 
f u l f i l l e d  these expectations, and steady s t a t e ,  uniform discharges were ob- 
tained with no more than t h e  usual experimental d i f f i c u l t i e s .  However, i n  
view of the lack of t heo re t i ca l '  understanding of the operating parameters, 
no attempt has been made t o  optimize t h e  apparatus. Instead, emphasis was 
plased on exploit ing the current capabi l i t i es  t o  gather as much data as can 
I be meaningfully obtained a t  t h i s  time. I t  is hoped t h a t  a f t e r  these da ta  
a r e  f u l l y  analyzed, one would be i n  a b e t t e r  posit ion t o  judge-what would be 
the most f r u i t f u l  improvement. 
A. GENERAL CONDITIONS 
The arc heater-nozzle had a throa t  diameter of 0.100 inch. No attempt 
was made todiagnose the flow except immediately upstream of t h e  experimental - 
electrode. 
The argon flow rate was varied between .OS and 1.25 scfm. The arc 
The lower current hea te r  current could be varied between 20 Amp and 120 Amps. 
represented the  marginal current -below which the  heater  became unstable4 and 
e l e c t r i c a l  and aerodynamic osc i l la t ions  could be observed. 
While spot ty  data  have been obtained for a much wider range of conditions, 
most of the data  presented below were obtained i n  one of four conditions. 
? 
This w a s  due t o  the fact t h a t  spectroscopic measurements with the  large quan- 
t i t ies  of required data represented an almost overwhelming burden f o r  the  
personnel available.  The four conditions are l i s t e d  i n  Table 1. 
I 
I 
Argon Flow Stagnation pressure Specific Power Input Gas Heater 
b P S  Vol t S  
I 40 
40 
80 
80 
B. ELECTR 
26 
26 
23 
23 
CAL CHA 
sc+m 
0.45 
0.68 
0.45 
0.68 
X E R I  ST 
gm/s ec mmHg 
3.35 x lo-* 40 
5.06 x 40 
5.06 x 10 40 
3.35 x 10:; 40 * 
OF THE ELECTRODE 
joules/@ 
4 3.10 x lo4 
2.06 x lo4 
5.49 x 10 
3.64 lo4 
As shown i n  Fig. 1, the  electrode consis ts  of a 1/8 inch diameter 2% 
thoriated tungsten rod which has been mounted f lush within a 3/8 inch boron 
n i t r i d e  insulat ing tube. Due to  a suspected chemical reaction, the inside 
diameter of the boron n i t r i d e  w a s  enlarged 0.020 inches about the 1/8 inch 
tungsten rod 1/4 inch back from the t i p  of the  electrode. For the  remaining 
length of the electrode, about 6 inches, t he  tungsten and boron n i t r i d e  were 
i n  physical contact. 
The second electrode seen i n  the f igure  is a reference probe from which 
the test electrode poten t ia l s  were measured. This was a l so  sheathed i n  boron 
n i t r i d e  so t h a t  only the  f ron t  surface was e l e c t r i c a l l y  act ive:  
0.5 mA electron current was drawn fo r  a l l  tests, t o  provide a re la t ive ly  con- 
A constant 
s t a n t  reference potent ia l .  
o r  ambipolar f i e ld .  
No correction was made for the  plasma potent ia l  
The uncertainty and e r r o r  was expected t o  be ins igni f i -  
cant.  
The electrode data  may be discussed i n  terms of three operating modes; 
as an anode, as a cathode a t  low currents, and as a cathode a t  higher currents.  
. Fig. 2-6 are the  anode charac te r i s t ics  f o r  varying stagnation pressure and 
. nozzle cond tions.  I t  &5 seen tha t  although stagnation pressure has some 
ef fec t ,  the  charac te r i s t ics  a re  f a i r l y  independent of power and flow r a t e  
input t o  the  nozzle especial ly  a t  low currents.  
of these curves are l inea r  i n  a semi-log p l o t  so t h a t  one cannot i n t e rp re t  
the slope i n  terms of an electron temperature from the simple relat ionships  
available for probes. A t  no time was an electron saturat ion level  reached. 
I 
Also, it is seen t h a t  none 
The second condition, t h a t  of small currents t o  a cathode, is shown i n  
A t  these small currents,  the cathode may be considered t o  act as a Fig. 7. 
probe, and the  cumes exhibi t  an ion saturat ion.  
a f a i r l y  strong dependence.upon the power input t o  the nozzle is noted. 
Unlike the  anode condition, 
Letting 
where j+ is  the ion sa tura t ion  current, M+- t h e  number density of ions i n  
t h e  undisturbed plasma, and ;+ an average thermal veloci ty  which for a - 
Maxwellian d is t r ibu t ion  is (8kT+/m+)’, one may estimate the order of magni-. 
tude of n+-. .From these data using 2000..K and 10,OOO°K as lower and upper 
0 
bounds of the  ion temperature. These r e s u l t s  are shown i n  the following table: 
TABLE 2 
40 Amp runs 
. 8 0 A m p . m  
Estimated Ion ,Densities 
3 
TOK n+-/Cm . 
2 , 000 1.8 ( l o l l 4  
2,000 1. 
10,000 4.8 (10)’~ 
10,000 8 
I 
i 
7.. 
. 
Note t h a t  the spectroscopy resu l t s  yielded an exci ta t ion temperature 
of the order of 10,OOO°K, which corresponds t o  an ion density of about 5(10) 14 /a 3. 
The Stark broadening a l so  yielded electron dens i t ies  of t h i s  order of magni- 
tude. 
As the  voltage t o  the  cathode is increased, a s l i g h t  increase i n  current  
is noted i n  Figs. 8-11. A t  some voltage generally of t h e  order of 200 vo l t s ,  
the  cathode breaks down t o  a thermionic emission mode with a corresponding 
drop i n  voltage. For new cathodes, the  discharge was re l a t ive ly  unstable. 
For an unknown reason, cathodes which had been operated several  times pre- 
viously appeared t o  be much more stable,  s e t t i n g  i n t o  a uniform, steady d is -  
charge i n  about 10 seconds. 
with a "used" cathodes. F igu r s10  and 11 which represent higher power input 
t o  the  nozzle show tha t  the t rans i t ion  t o  t h e  emitting mode is qui te  smooth, 
Hence, the curves shown represent values obtained 
and t h a t  there  is l i t t l e  gap between t h e  two modes. In  general, t h i s  was not  
t r u e  of  the lower power input  curves, Fig. 8 and 9 ,  i n  which higher voltages 
were required t o  induce breakdown. However, once the cathode reached the  
emitt ing state, the  values f o r  a l l  four curves were qui te  similar, and a l l  
have roughly the same slope. 
C. ELECTRODE SURFACE TEMPERATURES 
The electrode t i p  temperature was determined by measuring the emitted . 
rad ia t ion  from the  electrode and computing the  temperature from Planck's l a w  
of  radiat ion.  
* 
. 
8 .  
Two mirrors were positioned so t h a t  the  t i p  could be viewed spectro- 
scopically even though the  body of the electrode was encased i n  boron n i t r ide .  
The resu l t ing  configuration was cal ibrated with a standard spectral  lamp. 
To remove any ambiguity caused by plasma radiat ion as opposed t o  
electrode radiat ion,  the radiat ion was measured a t  a wavelength well away 
from any argon l ines .  
and then subtracted from the surface radiation. 
I n  principle,  plasma radiat ion could be measured first 
In  pract ice ,  t h i s  was deemed 
unnecessary i n  terms of the measured in t ens i t i e s .  
radiat ion,  the current t o  the electrode was then turned on and of f  and the 
As a fur ther  check of plasma 
t i m e  dependent in tens i ty  of the  electrode was recorded. 
heating and cooling curves, i t  was found t h a t  the plasma iontr ibut ion was 
negligable. 
By extrapolating these  
As mentioned, t he  electrode behavior was found t o  change i n i t i a l l y  
with usage, so t h a t  the  values reported again represent t h a t  of a "usedtt elec- 
trode. Due t o  the degree of surface roughness obtained by the  electrode, a 
black body emission was assumed. This would tend t o  underestimate tempera- 
tu res .  
Figures 12-14 show these measured temperatures as a function of current 
. ,  
for both anode and cathode. A f a i r l y  l inear  dependence is noted i n  both cases, 
with the  cathode temperature being less sens i t ive  t o  current than the  anode. 
Based on the equation of thermal emission 
an effective value of Q was computed for the  measured cathode tGmperatures 
2 ' 2  using a value of A - 60.2 amp/cm ?K . Since no corrections were made for f i e l d  
, 
9. 
e f fec t s  and other  emission mechanisms, t h i s  value does not represent t he  true 
work function. I t  is of i n t e r e s t  t o  note t h a t  t h e  value of 9 '3 .3~  corres- 
ponds qui te  closely t o  t h a t  of thorium. 
I). SPECTROSCOPIC RESULTS 
Spectral  r e s u l t s  were obtained u t i l i z i n g  a 0 .5  meter Jarrell  Ash mono- 
chrometer mounted upon a motor driven traversing table .  In t h i s  manner s p a t i a l  
scans were obtained without the need f o r  moving the plasma j e t .  The instrument 
was focused and the posi t ion of the electrode t i p  r e l a t i v e  t o  the entrance slit 
was ascertained by the  following procedure. A lamp w a s  placed behind the  
electrode, and the shadow of t h e  electrode was cast upon the entrance slits. 
The monochrometer w a s  then adjusted so t h a t  a l i gh t  in tens i ty  versus an ax ia l  
posi t ion scan would show a t rans i t ion  from the  in tens i ty  of the lamp t o  a 
r e l a t i v e  zero in t ens i ty  i n  a distance corresponding t o  the  resolution of 
the opt ica l  system. For t h e  r e su l t s  presented, t h i s  width was 0.005 inches, 
and hence the posi t ion of the sl i t  r e l a t i v e  t o  the electrode could be deter-  
mined t o  t h i s  accuracy. The plasma in t ens i ty  was compared t o  tha t  of a 
standard spec t ra l  lamp which was placed a t  the same posit ion as the  plasma j e t  
so t h a t  it was seen through t h e  same opt ics .  
The r a d i a l  t raverse  in tens i ty  scans obtained were Abel inverted by f i t -  
t i n g  a polynomial t o  the data points and then d i f fe ren t ia t ing  and integrat ing 
ana ly t ica l ly .  Over s ix ty  points were This was done on an IBM 7094 computer. 
taken per scan t o  reduce the inherent inaccuracy caused by the  d i f fe ren t ia t ion .  
Since the Abel inversion i s  based upon an opt ical  depth of zero, i.e., 
t he re  should be no s igni f icant  absorption and the Abel inversion was u t i l i z e d  
10. 
i n  reducing the data, it w a s  f e l t  t h a t  some jus t i f i ca t ion  o f  t h i s  assumption 
would be merited. 
Seven ArI l ines  were selected on the bas i s  of r e l a t i v e  s t rengths  and 
the ava i l ab i l i t y  of  t r ans i t i on  probabili ty data  5,6,7. 
used t o  obtain rad ia l  in tens i ty  traverses f o r  two conditions. 
d i t i on  was a normal scan, i n  t h e  second condition a mirror was placed behind 
the j e t  so t h a t  l i g h t  emitted i n  the opposite direct ion t o  the monochrometer 
would a l so  be observed. 
t i v i t y  of the mirror is  considered, one should ge t  twice the  in tens i ty  f o r  the 
mirror condition as one would ge t  without the mirror. 
These l ines  were then 
The first con- 
Clearly, i f  the plasma is  transparent, and the  reflec- 
On the bas i s  of the  
above experiment, four l ines  were chosen as t o  be r e l a t ive ly  free of absorption. 
A very important consideration t o  be taken i n  making spectroscopic temp- 
erature determinations is t h a t  o f  local  thermodynamic equilibrium. In t h e  
expression 
I(w) = 1/4r Amn hw Ngn 
Z 
-=n/kT 
e - (4) 
the inverted in t ens i ty  is re la ted  t o  t r ans i t i on  probabili ty,  wave number, 
and number density of t h e  emitting species. For the Boltzmann relat ionship 
t o  hold, equilibrium must be obtained. If equilibrium does ex i s t ,  the same 
temperature d is t r ibu t ion  should be obtained when d i f fe ren t  l ines  a re  used. 
Figures 16-19 show the temperature d is t r ibu t ion  f o r  four  l ines  f o r  a plane 
.002tt away from the  electrode. It w a s  f e l t  t h a t  these temperatures were too 
high i n  t h a t  electron density r e su l t s  from Stark broadening corresponded t o  
lower values. 
are i n  agreement among themselves. 
However, i t  is in te res t ing  t o  note tha t  these temperatures 
11. 
Similar specrroscopic data f o r  d i f f e ren t  planes i n  f ron t  of the cathode 
have been obtained f o r  a wide range of conditions. Except f o r  the  planes 
immediately adjacent t o  the electrode, the data  cannot be converted t o  temp- 
eratures ,  due t o  the lack of local  pressure data. Plots  of the in t ens i t i e s ,  
however, a r e  useful i n  indicat ing t h e  d i s t r ibu t ion  of excited state population. 
A typical curve is shown i n  Fig. 20. 
In view of the high gradients i n  the  v i c in i ty  of the electrode, it is 
not l i ke ly  t h a t  equilibrium can be sa t i s f i ed .  
obtained were found t o  be higher than the  m a x i m u m  allowed under equilibrium 
considerations. 
Indeed, some of the i n t e n s i t i e s  
I 
The spectroscopic data  obtained t o  date  are by no means complete, and . 
more extensive measurements w i l l  be undertaken. 
E. STARK BROADENING 
The f i n a l  measurements made t o  date  are those of electron densi t ies  by 
the Stark broadening of  the hydrogen beta  l ine .  These measurements were ob- 
tained by mixing 1% of hydrogen in to  t h e  argon jet .  
s i x  wavelengths a t  three d i f fe ren t  electrode conditions. 
inverted, and the points  obtained were f i t t e d  t o  a calculated l i n e  p r o f i l e  . 
From the ha l f  width of  these curves the electron densi t ies  were obtained. 
Scans were than taken f o r  
These curves were then 
8 
For both the  cathode and anode condition at 10 amperes the electron 
dens i t ies  were roughly th'e same, 1.0 x 10'' electrons/cm3. 
of zero current  the electron density was about ha l f  of t h i s  value. 
For the  condition 
. .  
12. 
F. DISCUSSIONS 
The above r e s u l t s  demons-rated t h a t  deta  led, space resolved measure- 
ments of e i t h e r  the  plasma or so l id  observables could be made f o r  an electrode 
operating i n  a dense, flowing plasma. While the  measurements were tiy no means 
complete, these data probably represented the first de ta i led  invest igat ions 
under steady state, control lable  conditions. 
ra i sed  more questions than they answered. 
As 'a  r e s u l t ,  they c l ea r ly  
In reviewing these r e su l t s ,  there  have been strong temptations t o  offer 
theore t ica l  explanations f o r  the observed trends, as w e l l  as experimental 
schemes t o  c l a r i f y  one or two spec i f ic  effects. Such attempts would probably 
be inopportune a t  t h i s  moment due t o  a poor understanding of the  overa l l  pic- 
ture .  Efforts f o r  more de ta i led  measurements are current ly  being continued. 
, 
I I 
I 
I 
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